I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Since World War II, explosive weapons have gradually become the main lethal weapons of modern warfare and terrorist activities, and thousands of people worldwide have experienced a blast-induced traumatic brain injury (bTBI).\[[@ref1][@ref2]\] Furthermore, increasing numbers of civilians suffer this trauma in ongoing terrorist attacks.\[[@ref3][@ref4]\] However, the damage accrued from mild-to-moderate explosions is often overlooked because of the slow onset or mildness of the symptoms.

Research in blast-induced neurotrauma (BINT) has resulted in considerable progress in the past decade.\[[@ref5][@ref6][@ref7][@ref8]\] Primary shock waves may play a major role in the formation of pathophysiological characteristics that differ from common traumatic brain injury (TBI).\[[@ref9][@ref10]\] Appropriate experimental methods are crucial in addressing the biological effects of the primary blast wave. The most common methods are open field exposure, blast tubes for explosive damage, and shock tubes with compressed air or gas.\[[@ref11]\] The third model has been frequently used because of its single shock wave factor without other injury mechanisms.\[[@ref12]\] Sophisticated shock tube systems have been installed at the Walter Reed Institute, the United States Naval Medical Research Center, the Applied Physics Laboratory at Johns Hopkins University, and other institutions.\[[@ref11][@ref13][@ref14][@ref15]\] A novel methodology that subjects BINT models to excess pressures *in vivo* and *in vitro* through a drive chamber consisting of a flange connection has been reported.\[[@ref16]\] However, heavy gas cylinder and large volume chambers in the model may increase the complexity and danger of operation. To optimize these issues, we have designed a modified shock tube system and explored the effect of moderate explosion on brain injury in mice.

M[ETHODS]{.smallcaps} {#sec1-2}
=====================

Ethical approval {#sec2-1}
----------------

All procedures were approved by the Animal Care and Use Committee of Nanjing Medical University and were conducted in accordance with the Animals Research: Reporting *In Vivo* Experiments guidelines.

Animals {#sec2-2}
-------

Male imprinting control region (ICR) mice (28--32 g, 7--8 weeks of age) were purchased from the Experiment Animal Center of Jinling Hospital, Jiangsu, China. The mice were housed using a 12 h light/dark cycle at 23 ± 1°C with free access to food and water and were acclimatized for at least 2 days before any experiment.

Design of blast model {#sec2-3}
---------------------

A modified shock tube system \[[Figure 1](#F1){ref-type="fig"}\] was built to provide a range of blast conditions according to the prior descriptions.\[[@ref16]\] The driver section consisted of a 17-mm-thick spacer flange (stainless steel) bolted together with a corresponding blind flange. The flange was welded to the driver pipe. Full-faced gaskets (Buna-N material) were installed between each flange to prevent leakage. The diaphragm composed of a polytetrafluoroethylene (PTFE; JVS, Shenzhen, China) film was installed between the driver spacer flange and the flange attached to the driver section. An electric gas pump (Jumu, Wuhan, China) with an explosion-proof tube provided high-pressure air to the driver section through a fitting on the back of the blind flange. A pressure meter located in the driver section (PS0) was used to measure the burst pressure at the rupture of the PTFE film. The driver section (length: 750 mm, diameter: 74 mm) was an open-end round stainless steel pipe with three side holes coupled to three high-frequency dynamic pressure transmitters (Aire Sensor Technology Co., Nanjing, China). The pressure sensor located next to the mouse 660 mm downstream from the membrane (PS3) was used to classify blast severity, while the other pressure sensors (PS1 and PS2) located 160 mm and 410 mm downstream from the membrane, respectively, were used to monitor the blast duration and the velocity of the pressure pulse. All sensor data were collected at a frequency of 20 kHz, and the data were sent to a computer through the multichannel acquisition and supporting software (Aire Sensor Technology Co., Nanjing, China). The shock tube system was mounted horizontally on a machined stainless steel frame. The animal holder was a metal mesh fixture that could be placed inside the driven section of the shock tube.

![A modified shock tube system. (a) The frontal view of the ruptured PTFE films. (b) All sensor data were sent to the computer (red arrow) through the multichannel acquisition. (c) The main part of the model comprised the driver and the driven section, separated by a PTFE film. The driven chamber had three side holes coupled to three high-frequency dynamic pressure transmitters (PS1, PS2, and PS3). The compressed air produced by our electric gas pump was monitored by another pressure meter PS0. The shock tube system was mounted horizontally on a machined stainless steel frame. (d) The anesthetized mouse was mounted in prone position to the animal holder. The holder positioned the mouse with torso shielding at PS3 inside the pipe (purple arrow). PTFE: Polytetrafluoroethylene.](CMJ-131-2447-g001){#F1}

Blast exposure {#sec2-4}
--------------

Before each test, all metal threaded connections were required to be sealed and checked for parallel leaks. Then, an intact PTFE film was inserted between the two sections to create a closed volume driver section that would allow pressurization. Next, the mouse was anesthetized with an intraperitoneal injection of chloral hydrate (1%, 5 ml/kg; Aladdin, Shanghai, China) and then mounted in the prone position on the animal holder. The head, neck, torso with torso shielding, and abdomen of the mouse were fixed to the holder aiming to avoid any movement. The forehead faced the direction of the shock wave flow. The holder positioned the mouse at PS3 in the pipe, ensuring that only a well-formed incident shock wave loaded the mouse and potential rarefactions from the tube opening were minimized. Increase of driver chamber pressure by compressed air eventually led to the rupture of PTFE film when it exceeded the force threshold of the membrane. At that time, high-pressure airflow would rush to the outlet of the driver tube section, and the shock waves with different peaks could be generated owing to film of varying thickness (0.1--0.8 mm). Atmospheric temperature, pressure, and humidity were consistent in each test. Pressure and duration of different positions were recorded for every procedure by the software.

Blast injury severity and mortality {#sec2-5}
-----------------------------------

Based on different peak incident pressures produced by films of varied thickness from previous literature, the mice (*n* = 120) were divided into three groups (mild, moderate, and severe intensity shock wave; *n* = 40 per group) by simple randomization.\[[@ref13][@ref17]\] Once basic reflexes were restored, the mice were returned to the home cage with free access to food and water. The mortality rate was assessed 24 h postblast injury. Blast injury severity in animals was determined using a slightly modified pathology scoring system (PSS) for blast injuries.\[[@ref18]\] Intergroup consistency was performed on PSS of graded blast injury.

Groups {#sec2-6}
------

A total of 160 mice were divided into eight groups (*n* = 20 per group) by simple randomization: control, sham bTBI, and six bTBI groups (6 h, 1 day, 2 days, 3 days, 7 days, and 14 days). Among them, the mice in the bTBI 2-day group were only used for neurological evaluation and blood-brain barrier (BBB) permeability. After the same anesthesia, the sham group animals heard the explosion but were not subjected to the blast shock wave. The control group just experienced the same anesthesia.

Clinical features and computed tomography {#sec2-7}
-----------------------------------------

Clinical manifestations of injury in the 100 mice induced by moderate explosion were observed 24 h after the blast using computed tomography (CT) scans. Twenty sham mice were also examined. CT imaging was done using a CereTom X-ray CT Scanner system (NeuroLogica Corp., Danvers, MA, USA). Dicom files of CT images were evaluated by CereTom™ WS software (NeuroLogica Corp., Danvers, MA, USA).

Neurological evaluation {#sec2-8}
-----------------------

The neurologic status was evaluated using a modified 10-point neurological severity score (NSS).\[[@ref19]\] Two investigators who were blinded to the experimental groups evaluated the ability of each mouse to perform 10 different tasks that demonstrated motor function, balance, and alertness. One point was given for failure to perform each of the tasks \[[Table 1](#T1){ref-type="table"}\].

###### 

Modified neurologic severity score

  Task                                                         Points (success/failure)
  ------------------------------------------------------------ --------------------------
  Exit a circle of 30-cm diameter within 3 min                 0/1
  Paresis of upper and/or lower limbs of one lateral side      0/1
  Able to walk straight                                        0/1
  Presence of the startle reflex                               0/1
  Presence of seeking behavior                                 0/1
  Able to balance on a beam of 7-mm width for 10 s             0/1
  Able to balance on a round stick of 5-mm diameter for 10 s   0/1
  Able to cross a 30-cm-long beam of 3 cm width                0/1
  Able to cross a 30-cm-long beam of 2 cm width                0/1
  Able to cross a 30-cm-long beam of 1 cm width                0/1
  Maximum total                                                10

Righting reflex response was evaluated as an indicator of neurologic restoration. Immediately following bTBI, the mice were placed on their backs in a clean cage. The time taken to adopt a prone position following bTBI or anesthesia was recorded by three observers blinded to the treatment. The three time values were averaged for a single value for each subject.\[[@ref20]\]

Spatial recognition memory and motor activity were carried out in a previously described two-trial Y-maze.\[[@ref21]\] In each trial, the mice were placed onto the end of one arm and allowed to explore freely for 5 min. The start position for each trial was kept constant for the same animal, but was changed to a different arm between mice. The number of arms visited and time spent in each arm were recorded. During trial 1, one of the arms was blocked, allowing for the exploration of only two arms. After a 30-min delay, trial 2 was conducted in which all three arms became available for exploration. All the mice were acclimated to the test room for 30 min before experimentation using this and all other behavioral assays.

Brain water content {#sec2-9}
-------------------

Brain water content was performed as described previously.\[[@ref22]\] Briefly, the brain was removed from each mouse and placed on a cooled brain matrix 1 day after treatment. The brain cerebellum and stem were excised, and the rest of the tissue was weighed immediately to obtain wet weight (ww). Subsequently, the tissue was dried at 80°C for 72 h and weighed to obtain dry weight (dw). The brain water content (%) was calculated as (ww − dw)/ww × 100.

Blood-brain barrier permeability {#sec2-10}
--------------------------------

BBB permeability was quantified by the 2% Evans blue (EB) dye extravasation method.\[[@ref23]\] Briefly, all mice were intravenously injected with 4 ml/kg of 2% EB 1 h before each mouse was killed \[[Figure 2b](#F2){ref-type="fig"}\]. The mice were anesthetized and perfusion was performed through the left ventricle with phosphate-buffered saline to remove the intravascular EB dye. This was continued until the fluid from the right atrium turned colorless. Cortex samples were collected, mixed with 50% trichloroacetic acid, and centrifuged. The absorbance of the supernatant was measured at 620 nm using a multifunctional enzyme labeling instrument (Molecular Devices, Sunnyvale, CA, USA).

![The BBB permeability and brain water content after bTBI induced by moderate intensity shock wave. (a) No significant difference was found in the amount of Evans blue dye among sham bTBI (44.9 ± 0.8 μg/wet brain), bTBI 1-day (44.9 ± 0.4 μg/wet brain, *t* = −0.06, *P* \> 0.05), bTBI 2-day (44.6 ± 0.3 μg/wet brain, *t* = −0.68, *P* \> 0.05), and bTBI 3-day groups (47.5 ± 1.3 μg/wet brain, *t* = 2.89, *P* \> 0.05), indicating little discrepancy of the BBB. (b) One representative mouse in bTBI group was injected with 4 ml/kg of 2% Evans blue intravenously. (c) The representative whole brain dissected after bTBI showed no significant blue dye. (d) After bTBI induced by moderate intensity shock wave, the degree of brain edema increased significantly at 1 day (76.9% ± 1.3% vs. 73.8% ± 0.6%, *t* = 2.75, *P* = 0.025), reached the highest peak at 3 days (82.5% ± 2.1% vs. 73.8% ±0.6%, *t* = 7.76, *P* \< 0.001), and decreased slightly but remained higher at 7 days than that of the sham bTBI group (77.7% ± 1.0% vs. 73.8% ± 0.6%, *t* = 3.44, *P* = 0.009). Data were presented as the mean ± standard error of the mean (*n* = 6 in each group). \**P* \< 0.05, ^†^*P* \< 0.001, ^‡^*P* \< 0.01 compared with sham bTBI group. BBB: Blood--brain barrier; bTBI: Blast-induced traumatic brain injury.](CMJ-131-2447-g002){#F2}

Tissue processing {#sec2-11}
-----------------

Mice in the different groups were deeply anesthetized with chloral hydrate and perfused intracardially with 30--40 ml of cold (4°C) heparinized 0.9% saline. For immunohistochemistry and hematoxylin and eosin (H and E) staining, the mice were perfused with the same saline formulation followed by 20--30 ml of cold 4% paraformaldehyde. The entire brain was removed and immersed in 4% paraformaldehyde overnight. For immunofluorescence, the brain was subsequently immersed in 20% sucrose followed by 30% sucrose.

Gross observation and hematoxylin and eosin stain {#sec2-12}
-------------------------------------------------

Sham- and blast-exposed mice were euthanized for standard gross assessment at 6 h postblast. The whole brain and the coronal sections were viewed for contusion, hematoma, edema, or subarachnoid hemorrhage.

Brain-tissue samples were obtained, embedded in paraffin, and cut coronally into sections 6 μm thick. The sections in the frontal lobe and hippocampus were stained with H and E and examined by light microscopy by a pathologist blinded to the animal status. Six simple random high-power vision fields in each coronary section were chosen, and the mean number of necrotic cells was determined in each section. A total of four sections from each animal were used for quantification. The final average number of the four sections was regarded as the data for each sample.

Immunofluorescence staining {#sec2-13}
---------------------------

For immunofluorescence, serial 8 μm coronal sections were obtained using a cryostat. Four sets of five sections including the frontal cortex and hippocampus were collected from each brain. Based on the established immunostaining protocol, the slides were incubated in blocking buffer comprised 10% normal goat serum in phosphate-buffered saline (PBS) containing 0.1% Triton X-100 for 2 h followed by overnight incubation at 4°C in primary antibody. The primary antibodies used were mouse anti-glial fibrillary acidic protein (GFAP, 1:200 dilution; eBioscience, San Diego, CA, USA) and mouse anti-neuronal nuclei (NeuN, 1:100 dilution; Millipore, Bedford, MA, USA). The next day, the slides were washed three times with PBS for 5 min each time and then incubated with appropriate secondary antibody for 1 h at room temperature. The mouse anti-NeuN secondary antibody was incubated with terminal deoxynucleotidyl transferase-mediated dUTP nick 3'-end labeling (TUNEL) compound for 1 h at 37°C. The slides were washed three times in PBS, counterstained with 4',6-diamidino-2-phenylindole (DAPI; Beyotime Biotech Inc., Nantong, China) for 2 min and rinsed with PBS. Coverslips were applied with mounting medium. Fluorescence was imaged on an IX71 inverted microscope system (Olympus, Tokyo, Japan) and analyzed using Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA). The specificity of the immunofluorescence reaction was evaluated by replacing the primary antibody with PBS.

TUNEL was performed to detect dying cells in the frontal lobe using an *in situ* Cell Detection Kit (Roche, South San Francisco, CA, USA) according to the manufacturer\'s instructions. The ratio of the number of apoptosis cells to DAPI was determined as the apoptosis index, while the number of apoptosis neurons was determined by the ratio of apoptosis cells to neurons. Six simple random vision fields (×200) in each coronary section were chosen, and the mean apoptosis index or the apoptotic ratio of the total neurons in the six views were regarded as the data of each section.\[[@ref24][@ref25]\] A total of four sections from each animal were used for quantification. The final average number of the four sections was regarded as the data for each sample. Data were presented per ×200 magnification field. All procedures were performed by two investigators who were blind to the experimental groups.

Immunohistochemistry {#sec2-14}
--------------------

Serial sections (4 μm) were cut coronally through the cerebrum and routinely deparaffinized. Endogenous peroxidase was blocked with 3% hydrogen peroxide/methanol. Nonspecific antibody binding was blocked by incubating the sections in blocking buffer comprised 10% normal goat serum in PBS for 30 min. Primary antibody (rabbit anti-GFAP, 1:1000 dilution; Abcam, Cambridge, MA, USA) was applied overnight at 4°C. After being washed three times in PBS for 5 min each time, the sections were treated according to the instructions of the EliVision Plus Kit (MXB Biotechnologies, Fujian, CHINA) to visualize GFAP. Six simple random high-power fields (500×) in each coronary section were chosen, and the mean integrated optical density (IOD) of GFAP positive areas was regarded as the data of each section. A total of four sections from each animal were used for quantification. The final average number of the four sections was regarded as the data for each sample. Data were presented as the ratio of mean IOD of different bTBI group to sham bTBI group per high-power field. All the processes were conducted using Image-Pro Plus software (Media Cybernetics, Silver Springs, MD, USA) by two investigators blinded to the grouping.

Statistical analysis {#sec2-15}
--------------------

SPSS 24.0 software (IBM Corp., Armonk, NY, USA) was used for the statistical analyses. Each experiment was repeated at least three times. One-way analysis of variance (ANOVA) followed by Fisher\'s LSD posttest or Dunnett\'s t 3-test based on the homogeneity of variance was performed for data analyses. Significance was assigned at *P* \< 0.05.

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

Characterization of the shock tube {#sec2-16}
----------------------------------

Pressure time histories recorded at PS2 and PS3 were concordant with a typical Friedlander wave \[Figure [3a](#F3){ref-type="fig"} and [3b](#F3){ref-type="fig"}\]. At PS3, the measured shock wave speed increased with blast pressure and was close to the calculated theoretical shock wave speed based on one-dimensional shock tube theory \[[Figure 3c](#F3){ref-type="fig"}\]. The duration of blast peak incident pressures at PS3 was 3.24 ± 0.58 ms. Graded blast \[[Figure 3d](#F3){ref-type="fig"}\] indicated that peak incident pressures were linearly and positively related to the duration of the explosion (*F* = 103.14, *P* \< 0.001; *F* = 50.45, *P* \< 0.001; *F* = 51.93, *P* \< 0.001), respectively. In all the blasts, the rupture patterns of the shock tube diaphragm membranes were basically consistent.

![Characterization of the shock tube. (a) A typical Friedlander wave of pressure time history. (b) Pressure time histories recorded at PS2 (blue) and PS3 (red) during one moderate intensity explosion were concordant with a typical Friedlander wave and had a little time interval. The duration of blast peak incident pressures at PS3 was 3.24 ± 0.58 ms. (c) The shock wave speed measured at PS3 (green triangle) matched the theoretical speeds (black straight line) at PS3 for a developed shock wave induced by moderate blast. (d) Peak incident pressures duration diagram at PS3. In mild (blue, *R*^2^ = 0.851), moderate (green, *R*^2^ = 0.737), and severe (red, *R*^2^ = 0.732) intensity blasts, peak incident pressures were linearly and positively related to the duration of the explosion (*F* = 103.14, *P* \< 0.001; *F* = 50.45, *P* \< 0.001; *F* = 51.93, *P* \< 0.001), respectively. (e) Graded shock wave intensity determined by different peak incident pressures corresponded to discrepant PSS (blue). In mild intensity shock wave, the peak incident pressure of 170 ± 14 kPa at P3 produced 13.4 ± 2.2 PSS. PSS of blast injury severity in mice was 32.6 ± 2.7 (*t* = 13.92, *P* \< 0.001) after moderate intensity blast (236 ± 24 kPa at P3, *t* = 6.99, *P* \< 0.001), while 56.6 ± 2.8 (*t* = 31.37, *P* \< 0.001) after severe intensity blast (330 ± 27 kPa at P3, *t* = 17.01, *P* \< 0.001). Data were presented as the mean ± standard error of the mean (*n* = 40 in each group). \**P* \< 0.001 compared with mild intensity blast group. PSS: Pathology scoring system.](CMJ-131-2447-g003){#F3}

Blast injury severity and mortality {#sec2-17}
-----------------------------------

Graded shock wave intensity determined by different peak incident pressures corresponded to discrepant PSS and mortality. In mild intensity shock wave, the peak incident pressure of 170 ± 14 kPa at P3 produced 13.4 ± 2.2 PSS and no lethality (0/40). PSS and mortality of blast injury severity in mice were 32.6 ± 2.7 (*t* = 13.92, *P* \< 0.001) and 5% (2/40) after moderate intensity blast (236 ± 24 kPa at P3, *t* = 6.99, *P* \< 0.001), respectively, but were 56.6 ± 2.8 (*t* = 31.37, *P* \< 0.001) and 20% (8/40) after severe intensity blast (330 ± 27 kPa at P3 *t* = 17.01, *P* \< 0.001) \[[Figure 3e](#F3){ref-type="fig"}\]. The data demonstrated the intergroup consistency and repeatability. The most varied damage was observed in the lungs \[[Table 2](#T2){ref-type="table"}\], which had been used for classification. Death occurred mostly due to severe lung damage or imminent cardiorespiratory arrest.

###### 

Number of graded bTBI mice partitioned into observed injury categories (*n* = 120)

  Organ                       PSS grade                 
  --------------------------- ----------- --- ---- ---- ----
  Lung                        3           0   39   38   40
  Pharynx/larynx              120         0   0    0    0
  Trachea                     120         0   0    0    0
  Hollow abdominal organs\*   118         0   1    1    0
  Solid abdominal organs^†^   120         0   0    0    0

\*Small intestine, large colon, small colon, cecum, rectum, gall bladder, and urinary bladder; ^†^Liver, spleen, pancreas, adrenals, and kidneys. bTBI: Blast-induced traumatic brain injury; PSS: Pathology scoring system.

Clinical presentation, computed tomography imaging, and gross observation after blast-induced traumatic brain injury induced by moderate intensity shock wave {#sec2-18}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

After bTBI induced by moderate blast, the mice showed varied symptoms of malaise (90/100, 90%), anorexia (85/100, 85%), apnea (5/100, 5%), seizure (5/100, 5%), and incontinence (35/100, 35%). Anorexia was defined as the loss of the desire to eat, while seizure was characterized by wet dog shakes, and clonus of the face, head, and limbs. CT images of sham bTBI mice showed no signs of hemorrhage, contusion, or subarachnoid hemorrhage \[Figure [4a](#F4){ref-type="fig"}-[4c](#F4){ref-type="fig"}\]. Subarachnoid hemorrhage \[Figure [4d](#F4){ref-type="fig"}-[4f](#F4){ref-type="fig"}\] on the film appeared obviously in 95% (19/20) mice 6 h post-bTBI, was not evident in one mouse (5%) mice 1 day post-bTBI, and had disappeared in mice in the other blast groups.

![Head CT scans. (a-c) CT images of one sham bTBI mouse showed no signs of hemorrhage, contusion, or subarachnoid hemorrhage. (d-f) Subarachnoid hemorrhage (red arrows) was observed in one mouse 6 h post bTBI on the film. CT: Computed tomography; bTBI: Blast-induced traumatic brain injury.](CMJ-131-2447-g004){#F4}

Gross observation of the whole brains following bTBI induced by moderate blast showed brain edema without focal lesions, contusion, or subarachnoid hemorrhage \[[Figure 5b](#F5){ref-type="fig"}\]. However, subarachnoid hemorrhage was observed in some coronal sections \[[Figure 5d](#F5){ref-type="fig"}\]. Neither the whole brain nor the coronal sections in the sham bTBI group showed edema or bleeding \[Figure [5a](#F5){ref-type="fig"} and [5c](#F5){ref-type="fig"}\].

![Gross pathological observation of the brains. Neither the whole brain (a) nor the coronal section (c) in sham bTBI group showed edema or bleeding. (b) The whole brains following bTBI induced by moderate intensity shock wave showed brain edema without focal lesions, contusion, or subarachnoid hemorrhage. Red arrow indicates the brain edema. (d) Subarachnoid hemorrhage (red arrows) was observed inside partial of the coronal section in bTBI group. bTBI: Blast-induced traumatic brain injury.](CMJ-131-2447-g005){#F5}

Most serious neurological outcomes occurred 1 day after blast-induced traumatic brain injury induced by moderate intensity shock wave {#sec2-19}
-------------------------------------------------------------------------------------------------------------------------------------

[Figure 6](#F6){ref-type="fig"} displays the neurological outcomes after bTBI induced by moderate blast. The response to spatial memory and motor activity was tested in a Y-maze procedure. During the first trial, the total number of visits was reduced significantly in bTBI at 1 day \[[Figure 6a](#F6){ref-type="fig"}; 10.75 ± 1.26 vs. 19.75 ± 4.86, *t* = −3.49, *P* = 0.003\] and bTBI at 7 days (10.75 ± 2.99 vs. 19.75 ± 4.86, *t* = −3.49, *P* = 0.003). However, there was no difference in spatial preference \[[Figure 6b](#F6){ref-type="fig"}\]. During the second trial of the Y-maze, the total number of visits in the bTBI 1-day group decreased significantly \[[Figure 6c](#F6){ref-type="fig"}, 8.25 ± 2.36 vs. 20.00 ± 4.55, *t* = −4.59, *P* = 0.048\]. The measure of spatial recognition memory and novel-arm preference detected significant differences in the bTBI 1-day group \[[Figure 6d](#F6){ref-type="fig"}; 29.58% ± 2.84% vs. 49.09% ± 11.63%, *t* = −3.08, *P* = 0.008\] and bTBI 6-h group (34.75% ± 6.02% vs. 49.09% ± 11.63%, *t* = −2.26, *P* = 0.039). Novel-arm preference for the new arm in the second trial was at a 33% chance level. The data suggest that the damage to spatial memory and motor activity was the most severe at 1 day after bTBI. The NSS of both the control and sham bTBI groups was zero \[[Figure 6e](#F6){ref-type="fig"}\]. Although the NSS 6 h after bTBI rose, the increase was not significant. Mice at 24 h after bTBI showed the worst performance (2.50 ± 0.58, *t* = 8.65, *P* = 0.016). The NSS at 2 days after bTBI returned to zero. The results of righting reflex \[[Figure 6f](#F6){ref-type="fig"}\] showed that moderate blast impact increased the recovery time (320.83 ± 166.27 s vs. 50.00 ± 22.58 s, *t* = 3.95, *P* = 0.027).

![The neurological outcome using a Y-maze, modified NSS, and recovery of righting reflex. (a) During the first trial of Y-maze, total number of visits was reduced significantly in bTBI at 1 day (10.75 ± 1.26 vs. 19.75 ± 4.86, *t* = −3.49, *P* = 0.003) and bTBI at 7 days (10.75 ± 2.99 vs. 19.75 ± 4.86, *t* = −3.49, *P* = 0.003). (b) During the first trial of Y-maze, mice of all groups spent approximately similar time in one of the two arms. (c) During the second trial of the Y-maze, the total number of visits in the bTBI 1-day group decreased significantly (8.25 ± 2.36 vs. 20.00 ± 4.55, *t* = −4.59, *P* = 0.048). (d) During the second trial of Y-maze, the measure of spatial recognition memory and novel-arm preference detected a significant differences in the bTBI 1-day group (29.58% ± 2.84% vs. 49.09 ± 11.63%, *t* = −3.08, *P* = 0.008) and bTBI 6-h group (34.75% ± 6.02% vs. 49.09% ± 11.63%, *t* = −2.26, *P* = 0.039). (e) The NSS of both the control and sham bTBI groups was zero. Although the NSS at 6 h after bTBI rose, the increase was not significant. Mice at 24 h after bTBI showed the worst performance (2.50 ± 0.58, *t* = 8.65, *P* = 0.016). The NSS at 2 days after bTBI returned to zero. (f) The moderate blast increased the recovery time (320.83 ± 166.27 s vs. 50.00 ± 22.58 s, *t* = 3.95, *P* = 0.027). Data were presented as the mean ± standard error of the mean (*n* = 10 in each group). \**P* \< 0.01, ^†^*P* \< 0.05 compared with sham bTBI group. bTBI: Blast-induced traumatic brain injury; NSS: Neurological severity score.](CMJ-131-2447-g006){#F6}

Brain edema, not BBB permeability, was the most significant at 3 days after blast-induced traumatic brain injury induced by moderate intensity shock wave {#sec2-20}
---------------------------------------------------------------------------------------------------------------------------------------------------------

No significant difference was found in the amount of EB dye among sham bTBI \[[Figure 2a](#F2){ref-type="fig"}; 44.9 ± 0.8 μg/wet brain\], bTBI 1 day (44.9 ± 0.4 μg/wet brain, *t* = −0.06, *P* \> 0.05), bTBI 2 days (44.6 ± 0.3 μg/wet brain, *t* = −0.68, *P* \> 0.05), and bTBI 3-day groups (47.5 ± 1.3 μg/wet brain, *t* = 2.89, *P* \> 0.05), indicating little discrepancy of the BBB. The whole brain dissected after bTBI showed no significant blue dye \[[Figure 2c](#F2){ref-type="fig"}\].

As shown in [Figure 2d](#F2){ref-type="fig"}, after bTBI was induced by moderate explosion, the degree of brain edema increased significantly at 1 day (76.9% ± 1.3% vs. 73.8% ± 0.6%, *t* = 2.75, *P* = 0.025), reached the highest peak at 3 days (82.5% ± 2.1% vs. 73.8% ± 0.6%, *t* = 7.76, *P* \< 0.001), and decreased slightly but remained higher at 7 days than that of the sham bTBI group (77.7% ± 1.0% vs. 73.8% ± 0.6%, *t* = 3.44, *P* = 0.009).

Hematoxylin and eosin stain reveals the most necrotic cells in the frontal lobe and hippocampus 3 days after blast-induced traumatic brain injury induced by moderate intensity shock wave {#sec2-21}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

H and E staining of sections reflected the extent of injury. The most significant necrotic cells were visible at 3 days (78 ± 8/high-power field \[HPF\] vs. 2 ± 1/HPF, *t* = 6.1, *P* \< 0.001) after bTBI in the frontal lobe \[[Figure 7](#F7){ref-type="fig"}\]. The bTBI 3-day group displayed more necrotic cells in CA1 and CA3 regions \[[Figure 8](#F8){ref-type="fig"}; 50 ± 5/HPF, *t* = 16.3, *P* \< 0.001 and 40 ± 4/HPF, *t* = 21.1, *P* \< 0.001\] of the hippocampus than the sham group (5 ± 2/HPF, and 2 ± 1/HPF).

![The frontal lobes of bTBI groups and sham bTBI group stained with H and E. Representative images of sham bTBI group (a) and bTBI 6-h, 1-day, 3-day, 7-day, and 14-day groups (b-f). The most significant necrotic cells were visible at 3 days (78 ± 8/HPF, *t* = 6.1, *P* \< 0.001) after bTBI than sham group (2 ± 1/HPF). Yellow arrows indicate cytoplasmic acidification and rupture of the nuclear membrane. Scale bar = 20 μm. Data were presented as the mean ± standard error of the mean (*n* = 6 in each group). H and E: Hematoxylin and eosin; bTBI: Blast-induced traumatic brain injury; HPF: High-power field.](CMJ-131-2447-g007){#F7}

![H and E stains in hippocampus of bTBI groups and sham bTBI group. Representative images of sham bTBI group (a-c) and bTBI 1-day (d-f) and 3-day groups (g-i). The bTBI 3-day group displayed more necrotic cells in CA1 and CA3 regions of the hippocampus (50 ± 5/HPF, *t* = 16.3, *P* \< 0.001 and 40 ± 4/HPF, *t* = 21.1, *P* \< 0.001) than the sham one (5 ± 2/HPF, and 2 ± 1/HPF). Red arrows indicate necrotic cells. Scale bar = 200 μm (a, d, and g), and scale bar = 50 μm (b, c, e, f, h, and i). Data were presented as the mean ± standard error of the mean (*n* = 6 in each group). H and E: Hematoxylin and eosin; bTBI: Blast-induced traumatic brain injury; HPF: High-power field.](CMJ-131-2447-g008){#F8}

Apoptotic cells and neurons are increased significantly in the frontal lobe of blast-induced traumatic brain injury at 3 days {#sec2-22}
-----------------------------------------------------------------------------------------------------------------------------

As shown in [Figure 9](#F9){ref-type="fig"}, double staining of TUNEL and NeuN revealed TUNEL-positive apoptotic cells mainly in neurons. The apoptosis indexes of bTBI 1 day (25.06% ± 2.15% vs. 2.89% ± 0.84%, *t* = 16.62, *P* = 0.004) and bTBI 7-day group (6.11% ± 0.62% vs. 2.89% ± 0.84%, *t* = 5.34, *P* = 0.031) were higher than that of the sham bTBI group, and the apoptosis index of bTBI 3-day group was the highest (62.15% ± 3.24% vs. 2.89% ± 0.84%, *t* = 30.64, *P* = 0.002). Few TUNEL-positive apoptotic neurons were detected in the sham and bTBI 7-day groups. The apoptotic ratio of the total neurons in the frontal cortex was higher in bTBI 1-day group (4.50% ± 0.93% vs. 1.30% ± 0.11%, *t* = 3.56, *P* = 0.007) and was the most visible at 3 days post-bTBI (52.76% ± 1.99% vs. 1.30% ± 0.11%, *t* = 57.20, *P* \< 0.001).

![Apoptotic cells and neurons in the frontal lobe investigated through double staining of TUNEL and NeuN. (a) Representative fluorescence images of bTBI 1-day, 3-day, and 7-day groups and sham bTBI group. Fluorescence colors: TUNEL: Red, NeuN: Green, and DAPI: Blue. Scale bar = 50 μm. TUNEL and NeuN double-stained cells indicated the apoptotic neurons. (b) Quantitative analysis of apoptotic index in different groups. The apoptosis indexes of bTBI 1-day (25.06% ± 2.15% vs. 2.89% ± 0.84%, *t* = 16.62, *P* = 0.004) and bTBI 7-day group (6.11% ± 0.62% vs. 2.89% ± 0.84%, *t* = 5.34, *P* = 0.031) were higher than that of sham bTBI group, and the apoptosis index of bTBI 3-day group was the highest (62.15% ± 3.24% vs. 2.89% ± 0.84%, *t* = 30.64, *P* = 0.002). (c) Quantitative analysis of apoptotic neurons in different groups. Few TUNEL-positive apoptotic neurons were detected in the sham and bTBI 7-day groups. The apoptotic ratio of the total neurons in the frontal cortex was higher in bTBI 1-day group (4.50% ± 0.93% vs. 1.30% ± 0.11%, *t* = 3.56, *P* = 0.007) and was the most visible at 3 days post-bTBI (52.76% ± 1.99% vs. 1.30% ± 0.11%, *t* = 57.20, *P* \< 0.001). Data were presented as the mean ± standard error of the mean (*n* = 6 in each group). \**P* \< 0.01, ^†^*P* \< 0.05, ^‡^*P* \< 0.001 compared with sham bTBI group. TUNEL: Terminal deoxynucleotidyl transferase-mediated dUTP nick 3'-end labeling; NeuN: Neuronal nuclei; bTBI: Blast-induced traumatic brain injury; DAPI: 4',6-diamidino-2-phenylindole.](CMJ-131-2447-g009){#F9}

Expression of glial fibrillary acidic protein is remarkably higher in the frontal lobe and hippocampus at 3 days after blast-induced traumatic brain injury induced by moderate intensity shock wave {#sec2-23}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Interface astroglial scarring at boundaries between brain parenchyma and fluids, and at junctions between gray and white matter, has been detected exclusively in blast-exposed brain specimens.\[[@ref26]\] Here, the expression of GFAP determined the astrocyte activation after bTBI. Interestingly, GFAP positive expression was detected around the ventricles of the brain, around the blood vessels, and in the brainstem and hippocampus compared with sham bTBI group \[[Figure 10](#F10){ref-type="fig"}\]. After bTBI, activated astrocytes in the frontal lobe began to rise significantly at 3 days \[[Figure 11](#F11){ref-type="fig"}; 2.98 ± 0.24 vs. 1.00 ± 0.00, *t* = 14.42, *P* = 0.021\] and continued to rise at 7 days (4.23 ± 0.23 vs. 1.00 ± 0.00, *t* = 23.87, *P* = 0.008) and 14 days (5.33 ± 0.29 vs. 1.00 ± 0.00, *t* = 26.10, *P* = 0.006). However, the astrocyte activation in hippocampus demonstrated a multiphase pattern, in which after an immediate peak at 6 h (1.41 ± 0.09 vs. 1.00 ± 0.00, *t* = 3.67, *P* = 0.003), a period of relative decline at 1 day ensued followed by another peak expression at 3 days (1.70 ± 0.25 vs. 1.00 ± 0.00, *t* = 6.24, *P* \< 0.001), and then decreased gradually at 7 days (1.67 ± 0.15 vs. 1.00 ± 0.00, *t* = 5.93, *P* \< 0.001) and 14 days.

![Representative merged GFAP fluorescence images of bTBI 3-day and sham bTBI groups. GFAP positive expression was noticed around the ventricles of the brain and in the brainstem (a). Much astrocyte activation was detected around the blood vessels (b) and in the hippocampus (c and d) as well. But in sham bTBI group, little GFAP positive expression was present around the ventricles of the brain (e) or in the hippocampus (f). Red arrows indicate the astrocyte activation. Fluorescence colors: GFAP: Green and DAPI: Blue. Scale bar = 50 μm (a), and scale bar = 25 μm (b-f). GFAP: Glial fibrillary acidic protein; bTBI: Blast-induced traumatic brain injury; DAPI: 4',6-diamidino-2-phenylindole.](CMJ-131-2447-g010){#F10}

![Immunohistochemistry of GFAP in the frontal lobe and hippocampus at 3 days after bTBI induced by moderate intensity shock wave. (a) Representative images of bTBI 6-h, 1-day, 3-day, 7-day, and 14-day groups and sham bTBI group in the frontal lobe. Scale bar = 20 μm. (b) Representative images of bTBI 6-h, 1-day, 3-day, 7-day, and 14-day groups and sham bTBI group in hippocampus. Scale bar = 20 μm. (c) Quantitative analysis of the astrocyte activation in the different groups. After bTBI, activated astrocytes in frontal lobe began to rise significantly at 3 days (2.98 ± 0.24 vs. 1.00 ± 0.00, *t* = 14.42, *P* = 0.021) and then continued to rise at 7 days (4.23 ± 0.23 vs. 1.00 ± 0.00, *t* = 23.87, *P* = 0.008) and 14 days (5.33 ± 0.29 vs. 1.00 ± 0.00, *t* = 26.10, *P* = 0.006). However, the astrocyte activation in hippocampus demonstrated a multiphase pattern, which meant after an immediate peak at 6 h (1.41 ± 0.09 vs. 1.00 ± 0.00, *t* = 3.67, *P* = 0.003), a period of relative decline at 1 day ensued followed by another peak expression at 3 days (1.70 ± 0.25 vs. 1.00 ± 0.00, *t* = 6.24, *P* \< 0.001), and then decreased gradually at 7 days (1.67 ± 0.15 vs. 1.00 ± 0.00, *t* = 5.93, *P* \< 0.001) and 14 days. Data were presented as the mean ± standard error of the mean (*n* = 6 in each group). \**P* \< 0.05, ^†^*P* \< 0.01, ^‡^*P* \< 0.001 compared with sham bTBI group. GFAP: Glial fibrillary acidic protein; IOD: Integrated optical density; bTBI: Blast-induced traumatic brain injury.](CMJ-131-2447-g011){#F11}

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

Most BINT research has focused on the mechanisms and effects of primary factors. With the improvement of the model, smaller volume, more convenient operation, and repeatability have become keys to the popularization of blast tests.\[[@ref27][@ref28][@ref29]\] For this reason, we modified the indoor system referencing the previous models.\[[@ref13][@ref16][@ref17]\] One change was the use of an electric gas pump instead of the conventional gas cylinder. The produced compressed air achieved the same effect as high-pressure helium or nitrogen gas released from the helium or nitrogen cylinder. Furthermore, the adaptation had the advantages of small size and increased safety. Another improvement was the combination of a traditional driven chamber with multiple holes to measure pressure and a driving chamber of matching flanges. The change measures the transmission and change of the shock wave in real time and miniaturizes the volume. Stainless steel, rather than aluminum, pipe was applied because of its higher strength and compressive strength. In each test, the whole body including head and neck of the mouse was fixed to the animal holder aiming to avoid tertiary injury. The shape and weight of animal holder with mesh ensured no displacement in each explosion. Torso shielding, which has been proven to be neuroprotective,\[[@ref30]\] was used to protect the internal organs in each test. The driven length to diameter ratio was greater than 10 to ensure the relatively planar shock wave.\[[@ref10]\] Consistent with the previous literature, pressure time histories recorded at three pressure sensors were similar to the ideal Friedlander wave, and the measured shock wave speed approached the theoretical shock wave speed.\[[@ref16]\] The duration of blast peak incident pressures at PS3 was \<4 ms, which may accurately represent the exposures seen in BINT victims. This shock wave system was simple to use and stable because of its ability to produce repeatable blast waveforms that resemble free-field blast waves in a controlled laboratory environment.

Graded injury of BINT has been reported in other animal models.\[[@ref29][@ref31]\] In this study, we found that the modified shock tube system could successfully simulate mild, moderate, and severe graded intensity shock waves. The pressure ranges at PS3 of 170 ± 14 kPa, 236 ± 24 kPa, and 330 ± 27 kPa were referred to pressure generated by other established models in the literature.\[[@ref13]\] The resulting injury from PTFE films of distinct thickness may be classified by value of PSS. Qualitative relationships between injury levels and PSS for the most commonly blast traumatized organs has been elucidated.\[[@ref18]\] Here, we also observed discrepant mortality among graded blast. Most of the mice showed significant isolated parenchymal contusions or confluent hepatized regions encompassing areas ≥30% of the lung. Other organs, such as the pharynx/larynx, trachea, and hollow or solid abdominal organs, had not yet displayed significant damage. Mice exposed to moderate blast displayed a 5% mortality rate and isolated parenchymal contusions were evident in the lung, while none of mice in the mild blast group died. The limited mortality rate in the moderate group was caused by imminent cardiorespiratory arrest most probably due to vagovagal reflex activation as previously posited.\[[@ref13]\] Similarly, the mortality and injury of mice increased with the increased pressure.\[[@ref32]\]

At present, the most frequent symptoms of mice suffering moderate blast were malaise and anorexia, followed by incontinence, with apnea and seizure being less frequent. These acute presentations occurred within 3 days post-bTBI. Cardiopulmonary resuscitation has been used for apnea to reduce the death rate. Seizures have been reported in patients who have suffered blast injuries in the Global War on Terror.\[[@ref33]\] The finding that explosive blast leads to consistent neuropathological brain changes raises significant concern that seizures and epilepsy may be more prevalent than previously suspected.\[[@ref33][@ref34]\] In our test, seizure was characterized by twitching in the extremities, which may correlate with potential brain damage.

Development of subarachnoid hemorrhage, brain edema, hyperemia, and delayed vasospasm are very common for the patients suffering from moderate to severe bTBI. Analogously, subarachnoid hemorrhage and brain edema were detected both by CT scan and gross observation. Further detection of the brain water content confirmed that brain edema was the most serious at 3 days post-bTBI. Isolated parenchymal contusions were noticeable in lung; lung damage may contribute to the brain injury. However, the specific mechanism has not yet been clarified. No focal lesions, contusion, or cerebral hematoma were presently evident after blast. This may be the result of mild-to-moderate blast damage to the brain. The BBB was not disrupted, probably because single injury had no significant effect, as has been reported.\[[@ref35]\]

In our model, mice displayed the worst functional outcome at 1 day post-bTBI induced by moderate explosion. The slightly modified point in NSS reflected paresis of the upper and/or lower limbs of one lateral side, rather than the contralateral side, simply because the injured side of frontal lobe was uncertain. The righting reflex time, as an indicator of early neurologic injury, can be significantly prolonged following moderate blast.\[[@ref36]\] Gross examination of the limbs after blast showed no physical injury, indicating that extremity injury was not the reason for the delayed righting reflex time. Spatial memory and motor activity abnormalities were observed obviously at 1 day post-bTBI, perhaps reflecting the pathophysiology of bTBI. This speculation requires further research.

Histopathology examination was done to illuminate the probable pathological mechanism underlying long-term neurological impairments. In general, neuronal, axonal, and glial injuries have all been observed following single-blast exposure.\[[@ref26][@ref37][@ref38][@ref39]\] H and E staining indicated the most necrotic cells in the frontal lobe and hippocampus at 3 days after bTBI induced by moderate intensity shock wave. Interestingly, TUNEL and NeuN double staining showed that apoptotic neurons in the frontal cortex peaked at 3 days after bTBI. Both apoptotic and necrotic pathways appear to contribute to neuronal death.\[[@ref40]\] Acute axonal injury was not yet prominent, maybe because the tertiary effect in our model was mild. The peak of neuronal apoptosis at 3 days post-bTBI may be due to the mechanism of shock wave injury, strength of damage, and gradual neuron death.\[[@ref13][@ref33]\] The affected frontal cortex and hippocampus can be linked to impaired behavior. GFAP immunoreactivity reveals neocortical tissue in the initial stages of GFAP deposition, indicating early repair response.\[[@ref32]\] Reactive astrogliosis has been established as one of the key components of the cellular response to brain injury.\[[@ref41]\] Our data as well as that of others reveal GFAP positive expression at boundaries between brain parenchyma and fluids, which may indicate specific areas of damage from blast exposure, which is consistent with the general principles of blast biophysics.\[[@ref26]\] We identified different trends of glial activation between the frontal lobe and hippocampus. After bTBI, the expression of GFAP in the frontal lobe was the highest at 3 days and then continued to rise, while two peaks appeared in the hippocampus at 6 h and 3 days, and then declined gradually. This tendency of two peaks is consistent with a previous finding.\[[@ref13]\] Reactive gliosis and neuronal swelling also have been observed in the hippocampus of rats subjected to blast injury.\[[@ref42]\] Overall, neuronal injury and gliosis in frontal lobe and hippocampus were significantly higher at 3 days post-bTBI induced by moderate blast. Previously, exposure to primary blast alone resulted in changes in hippocampus-dependent behaviors that corresponded with electrophysiological changes in area CA1 accompanied by reactive gliosis.\[[@ref43]\] Astrocytes have also been implicated in brain and neuronal functions supporting learning and memory and emotional responses.\[[@ref44]\] In our study, impaired behavior was the most severe at 1 day after bTBI and gradually diminished with the enhancement of GFAP activity. The relationship between GFAP activity and behavior may be implied.

In summary, a modified bTBI model in mice has been developed to generate a physical environment similar to the battlefield. The data showed that a graded intensity shock wave blast can be simulated, and after moderate blast, the alterations in clinical manifestation, imaging manifestation, neuroethology, and neuropathology are comparable with the performance of mild-to-moderate bTBI. The modified blast tube model may offer some advantages for studying the mechanism of bTBI and its treatment.
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